Electron work functions, surface potentiale, and electron number density distributions and electric fields in the surface region of 26 metals are calculated from first principles within the free electron model. The number of qqfree'9 electrons per atom is taken as the group number as llsted in the periodic table.
INTRODUCTION
The wealth of experimental data available today on electronic work functions of bare metal surfaces is not a t all matched by theoretical calculations. There have been numerous empirical correlations made relating the electron work function of metals to atomic volume, compressibility, the first atomic ionization potential, the energy of the lattice, surface energy, and electronegativity. This is in contrast to the progress made in overlapping areas. For example, many-electron" and atomistic effects12 have been included in theoretical studies of bulk metallic properties of many metals. Likewise, many-electron effects and some atomistic effects have been included in the theory of adsorption on metals13 using modern formulations of the many-electron problem.
A second topic considered here which is related to the electron work function is that of the surface potential. Recently, a calculation of the surface potential of Na which refines Bardeen's work by making use of a modern many-electron formulation" has been provided by b u c k s and Cutler14 (see also Ref. 15 ).
However, these authors neglect the effect of the surface dipole potential and place a n infinitely high potential barrier at the surface in order to calculate wave functions. The first assumption may well be reasonable for Na, but it will be shown that dipole b a r r i e r s cannot be neglected for most of the metals studied here. The second assumption, of course, rules out self-consistency.
More recently, Bennett and Duke 16, '' have introduced self-consistency into a many-electron calculation of the one -electron potential a t a bi -metallic interface.
A s m a l l step is made here toward bringing bare surface work function theory up to the level of sophistication of neighboring fields, and in the process to gain a greater knowledge about metal surface properties in general. A calculation of the work function is presented here for 26 metals including Na using the jellium model. In addition the electrostatic (double layer) barrier, representative electric fields, electron number density distributions and oneelectron potentials were calculated for the surface region. The jellium or freeelectron model is used here so that many surface parameters can be calculated rather simply. Conclusiolls can then be made as to which surface characteristics a r e adequately described i n t h i s model and which require further sophistication in their dcscription. A l s o our understanding of the metal surfaw c a n be considerably enhanced without undutl effort. A recent formulation18 of the inhomogeneous electron gas which includes coulomt, correlations was used i n an approximate self-consistent first-principles solution of the model. The number of "free"
electrons per atom w a s taken as the group number a s listed in the periodic table. Grain orientation effects were not consickred.
We found that exchange and correlation potentials make up the major part of the surface barrier for most of the metals considered. However, the ordi-4 nary coulomb potential b a r r i e r s are significant f o r all of these metals except HK derive a n expansion of G[n] originally for the case of slowly n r y i n g n in successive orders of the gradient operator V -acting on n(s) which can be written as follows 3 0. . that including the homogeneous electron gas exchange and correlation energy terms, but not including inhomogeneity terms, leads to a predicted work function which is nonzero but is the same for essentially any system. It will be seen in the following that the addition of the first inhomogeneity term alleviates this anomaly.
Secondly, the random-phase approximation was used by HK to derive the factor 1/72n in the first inhomogeneity term. Although the RPA has exhibited failings at electron densities as low as those found in conduction bandsill, this inhomogeneity correction to the total energy apparently has a rather wide range of applicability as shown by the successes of K i r z h n i t~~~ and Kalitkin 33 .
Kirzhnits considered isolated noble gas atoms and Kalitkin compared h i s
results with experimental bulk properties of solids. Also the RPA has been used with some success in metal surface theory 13* 34* 15. Thus it is used here.
Third, HK note that a "gradient" expansion of which the sum of the integrands in Eq. (2.2b ) is a n example does not converge35 for actual electronic systems due to number density variations with position. However, they expect it to be useful i n the sense of asymptotic c o n~e r g e n c e~~ for sufficiently slowly (2) is the Heaviside (step) function, Z is the Cartesian coordinate taken on a n axis normal to the surface, with 2 = 0 a t the jellium
and, in this case, v(r) is the negative of the potential of the ion distribution.
Note that in the jelllum model, n-n+ and all derivatives of n-0 as * Z -4 . Also 4pe = electron work function"
-(i3Edi3N)N=N = -p. Thus one obtains (4pe is described in Fig. 2 where p is a family parameter.
Note that for every value of p the family 2. 7 satisfies certain requirements of self-consistency. First, n asymptotically approaches n+ in the metal interior and zero in the vacuum region outside the metal. Secondly, -.
[n-n+H(-Z)]dZ = 0. There are no experimental data on n which provide a direct test of the validity of the family 2. 7. It w i l l be shown below, however, that the results obtained using these simple functions are in at least as good an agreement with experiment as could be expected using a flat surfaced jellium model. accurate. This is because first, the value listed is for polycrystalline Na, that the surface barrier of Na is due primarily to exchange and polariza-
tion forces with ordinary electrostatic forces playing a minor role.
Surface Energy
The surface energy for Na w a s calculated by Huntington41 using Bardeen's potential". Table I shows that the surface energy of Na calculated here agrees rather well with that calculated by Huntington. Neither is in good agreement with the experimental value" of 0 . 2 4 0 joules/m2. Herring 19 however, has pointed out that it is not f t f a i r ' f to compare the surface energy cr of a jellium metal with a n actual metal of the same electron density. Table I1 shows values of u for Na, Li, and K. The disagreement with experiment is even more pronounced for Li than for N a and, in fact, u goes negative for n+ 2 13 X T h u s further results weren't listed.
It should be noted that the electron work functions and surface potential characteristics depend on the variation of CJ (e. g. , da/dp in Eq. (2.9)) and not on the value of o itself. Thus, the fact that the surface energy results do not agree with experiment does not imply that the results for the work functions and surface potentials should not be trusted.
Na Surface Potential Characteristics
To compare our for Na (see figs 
IV. RESULTS FOR SELECTED METALS

Method of Selection
It seems reasonable that all metals usually regarded" as "freeelectron-like" in their bulk properties could be treated within t h i s model.
Additionally, the surface properties of even the transition metals have been described with a certain degree of success within the free electron model. But the surface potential characteristics can be turned to for further testing. It will be seen i n the next section that experimental barrier heights vary by about 25 volts. This should provide a much more difficult test for the theory.
Surface Potential Characteristics
The results for electric field, barrier height, and electrical double l a y e r are listed in Table IV . Sample plots of V(') are given in Figs. 3 and 6-8. Included also on some of the plots is the function -1/4Z. Although all surface potentials must asymptotically approach the image potential a t .
large distances from the metal, a n ambiguity arises because it is not clear where to place the Z = 0 plane (appropriate to the function -1/4Z), with respect to the jellium surface. Thus the function -1/4Z is not necess a r i l y the image potential, but can be used for scaling purposes.
Several trends can be inferred from the results. First, the listed barrier heighfs (maximum value of V (1) ) increase with increasing n+. Secondly, although generally the better part of the surface barriers are due to manybody effects, the ordinary electrostatic contribution to the barrier is small only for the alkali metals through Na. In fact, for some of the refractory transition metals, the dipole barrier is more than half of the total barrier.
A comparison of calculated total barrier heights with experiment for electrons at the Fermi level provides another check on the validity of using the group number for na. Since the barrier height is quite sensitive to na) and since it was only desired to check reasonableness i n the choice of na, 
V. CONCLUDING REMARKS
The following generalizations can be inferred from the results obtained here:
(1) There is approximate agreement between the experimental data and the work functions and surface potential characteristics obtained here using the'free electron model. This lends support to the premise that it may be possible to calculate rather accurate values for some metal surface characteristics via introduction of refinements to this simple model. This may even be so for some of those metals whose bulk characteristics are not so easily described, e. g. , the refractory transition metals.
f2) Many-body effects were found to be of importance in all cases and ordinary electrostatic effects are quite strong f o r many of the metals considered. 
1
The actual calculation of,the surface energy using Bardeen's results was &ne by Huntington.
Wigner's uncorrected interpolation formulalo was used here since Bardeen used it.
41
The ti expansion of K i r~h n i t s~~ was used. . . 
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